The goal of this study is to develop a practical and fast simulation tool for soil-tire interaction analysis, where finite element method (FEM) and discrete element method (DEM) are coupled together, and which can be realized on a desktop PC. We have extended our formerly proposed dynamic FE-DE method (FE-DEM) to include practical soil-tire system interaction, where not only the vertical sinkage of a tire, but also the travel of a driven tire was considered. Numerical simulation by FE-DEM is stable, and the relationships between variables, such as load-sinkage and sinkage-travel distance, and the gross tractive effort and running resistance characteristics, are obtained. Moreover, the simulation result is accurate enough to predict the maximum drawbar pull for a given tire, once the appropriate parameter values are provided. Therefore, the developed FE-DEM program can be applied with sufficient accuracy to interaction problems in soil-tire systems.
Introduction
Soil-tire system interactions are one of the major research topics in terramechanics. Recent computing developments have made it possible to apply a new approach called computational mechanics to these interaction problems. The application of finite element method (FEM) to soil-tire systems requires that the tire surface is assumed to be smooth and without the influence of traction-type tread pattern, because of the difficult and complex contact stress boundary at the soil-tire interface. There are many reports on FEM application to interactions between non-treaded or almost smooth treaded wheels or tires and soils (1) - (6) . For more precise analysis, Fervers (7) attempted a treaded tire-soil interaction analysis by FEM, although the effect of the tread pattern on tire traction was not clearly reported. Recently, Oida et al. (8) have developed a unified tire-terrain system simulation tool that uses FEM and finite volume method (FVM) for their tire design processes. The discrete, or distinct, element method (DEM) (9) has been applied not only to soil or rock mechanics problems but also to interaction problems in terramechanics. The applicability of DEM to the lugged wheel-soil contact problem has already been demonstrated, where various shapes of wheel lugs were considered (10) . The capability of precise and detailed applications of large-scale DEM for interaction analysis was also investigated (11) . There were many reports on performance prediction of a lugged rigid wheel by the originally developed DEM program (12) - (14) or by the commercially available code, PFC2D (15) .
Since there is an inherent problem of large computational time needed for contact check and contact reaction calculation in DEM, it is quite natural to utilize both FEM and DEM to compensate for the demerits of each method (16) . That is, in the case of soil-tire interaction analysis, a reduction in DEM calculation time can be expected either by reducing the total
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number of DEs and replacing them with FEs or by properly tuned processing of contact check and reaction calculation. In addition, the treatment of localized shear caused by the action of tire lugs is realized by DEM, which cannot be directly expressed by conventional FEM. Of course, this idea of combined FE-DEM is not new, and examples can already be seen in some of the literature or in a published book (17) . Pan and Reed (18) applied the coupled FE-DE method to the rock mechanics problems. Horner et al. (11) followed the concept of true DEM, whose element diameter was as small as possible and applied a massive FE-DE analysis to some problems in terramechanics, although the results of the analyses were not clearly shown. An algorithm for the implementation of dynamic FE-DEM for soil-tire system interactions, for calculating the simple vertical sinkage of a tire using a desktop PC system, has previously been proposed by the authors (16) .
The goal of this study is to develop a practical and fast simulation tool for soil-tire interaction analysis, where FEM and DEM are coupled together, and which can be realized on a desktop PC. In this study, a procedure that was originally developed for 2D coupled dynamic FE-DE analysis (16) has been improved upon and soil-tire system interactions, where not only the vertical sinkage of a tire but also the travel of a driven tire across a terrain, will be analyzed to check the validity of our FE-DEM program.
Soil-Tire System and FE-DEM Analysis

Governing Equations for FE-DEM Analysis
For dynamic FE-DEM analysis, first we must solve two types of equations of motion: one for translation in both FEM and DEM, and the other for rotation in DEM. These equations are represented in vector notation:
where F c is the contact reaction, F b is the volumetric force, m is the mass, u is the displacement, N c is the moment by F c , I is the moment of inertia, and Ω is the angular acceleration. Naturally, there are x-and y-components in Eq. (1) and one component in Eq. (2) in case of two-dimensional (2D) problem of FE-DEM. It is also noted that the analysis for FEM in Eq. (1) is performed for each node, and therefore, the elemental data of the mass in FEM is transformed to an equivalent nodal mass using an elemental lumped mass matrix.
Equations (1) and (2) are solved by explicit time integration. Figure 1 shows the concept of analysis for the tractive effort and running resistance of a Science and Technology tire in FE-DEM. A tire is assumed to travel to the right with some positive tire slip. Consequently, we can calculate the gross tractive effort of a tire H as follows:
Traction Performance
and the running resistance R(< 0) can be obtained as follows:
where f + x and f − x are the positive and negative components of contact reaction at the tire-soil interface acting on the contact nodes of a tire FE with respect to the global coordinate system, respectively (Fig.1) . In addition, a well-known relationship for drawbar pull P,
which is based on Eqs. (3) and (4), is held. In general, the slip i of a tire can be calculated by the following equation:
where V is the translation speed of the tire's center; V w = rω is the circumferential velocity of the tire and r is the rolling radius of a free-rolling tire, and ω is the angular velocity of the tire. There are two methods for obtaining the traction performance of a tire: the constant velocity method, and the constant traction load method. Our present analysis adopts the principle of the constant velocity method, where the constant angular velocity and constant translational velocity of a tire are the inputs, and the tractive performance is then analyzed based on the constant slip value of i defined by Eq. (6). Figure 2 shows the typical contact model in DEM, which consists of a spring and a damper in parallel for contacts in the normal and tangential directions. As a contact model in DEM, we adopt a Voigt model whose component in the j direction, i.e., j = n for normal direction or j = s for tangential direction, can be expressed as follows:
Contact Reaction
where R j is the contact reaction, Δu j is the relative displacement of contacting elements, K j is the spring constant, C j is the damping coefficient, and Δu j is the relative velocity of contacting elements. For tangential reaction, Coulomb friction may also be considered, such that R s = μR n if R s > μR n and R s = K s Δu s if R s < μR n with a friction coefficient of μ. Figure 3 is the contact model at FE-DEM interface, where we introduce a line segment 1-2 for the 2D case to linearly distribute the contact reaction into nodal reactions F 1 and F 2 using a contact force R 3 in DEM. Science and Technology Vol.2, No.4, 2008 Contact between the FE mesh and a DE can be treated similarly as the contact between DEs such that the normal reaction at DE 3, R 3 n , can be expressed as R 3 n = K n u n where K n is the normal spring constant in DEM and u n is the relative overlap, as shown in Fig. 3 . We can obtain the corresponding normal nodal reaction F 1 n and F 2 n by redistributing the contact reaction using shape function onto the supporting nodes of a contacting line segment of FE mesh in the 2D case.
Remarks on Contact Boundary at FE-DE Interface
As shown in Fig. 3 , the contact can be detected when and only when the point 3 , which is projected normally from DE 3 onto the line segment 1-2, lies on the line segment 1-2 of the FE. However, there may exist some erroneous contact modes, as shown in Fig. 4 . Figure 4 (a) shows the case where DE m contacts two line segments j and j+1 at the same time, since m is located in the vicinity of FE node k. In this case, contact of m is detected at both j and j + 1, and the tentative contact reaction R k is a result of addition of each reaction of R j k and R j+1 k . To compensate for this overestimation caused by the addition of two reactions, a reaction R m is calculated based on the overlap between m and k, and the target reaction at k can be modified as;
As for the case shown in Fig. 4(b) , no contact is observed between j and m. The next evaluation also shows that there is no contact between j + 1 and m. If no contact with m is detected at j and j + 1 but m clearly overlaps with k, the contact reaction R k at k is calculated based on the overlap between m and k, as shown in Fig. 4(b) .
In the above reaction calculation, the line of action of the contact reaction R k is assumed to be the same as the line defined by connecting the center of m and k.
Moreover, when a tire FE detaches from a soil DE, the rebound of the tire elements should also be introduced in the analysis so that the shape of the initial tire FE can be obtained. The principle of this procedure is based on the evaluation of stress in the tire FE, generated by contact reaction at the FE-DEM interface. By adding the opposite nodal force of the tire FEs, the initial undeformed tire mesh could again be obtained by small steps of repeated calculations. Figure 5 shows the schematic flow of the combined FE-DEM for a practical soil-tire interaction study. A dynamic FE-DEM, which we have previously proposed (16) , is extended to include the tire travel mode. The mode change is set to start at a computational time when the summation of vertical reactions at the contacting region of the tire-soil interface exceeds the given vertical load of the tire. The tire and subsurface soil are modeled as an elastic body in FEM.
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Program Flow
The current simulation strategy is composed of following three modes: (i) soil consolidation by weight of DEs at top soil layer; (ii) free sinkage of tire FEs on to soil surface until the vertical contact reaction of the tire reaches within allowable range of the given vertical load of the tire; and (iii) tire travel mode with prescribed tire rotation and translation.
All the parameters were decided by a trial-and-error preliminary computation in terms of numerical stability. The diameter of a circular DE is 1 cm, unless otherwise stated. The time step in the current explicit time integration is 0.1 ms.
In this study, the original program was coded using the C language, then compiled and executed on a desktop PC system. Typical elapsed time for one slip condition by the current FE-DEM program was approximately 35 min using a PC Linux system (CPU: Celeron D336; Clock: 2.8 GHz; MEM: 1 GB; OS: FedoraCore6).
Numerical Experiment
Problem statement
A process of vertical sinkage and traveling of a driven tire is solved as an example. Table  1 shows a list of the tire data used in the FE-DEM analysis. Geometrical data of a tire was obtained from an experimental study at the authors' laboratory (19) . The diameter of the tire was 53.5 cm and FE meshes were prepared for the tire, rim, and the bottom layer of soil. Rotation velocity of the tire was set to 0.4926 rad/s for the simulation. The travel velocity condition was selectively changed to obtain both positive and negative slip conditions by using Eq. (6). The tire deformation is assumed to be negligibly small so that the free rolling radius of the tire r can be set to r = 535 × 0.5 = 267.5 mm. It is noted that the current analysis does not include the effect of inflation pressure on the tire's performance. Parameters for the FE-DEM model are shown in Tables 2 and 3 . Spring constants K n and K s = K n /2 in Table 3 were determined by a preliminary computation. Damping coefficients C n and C s were calculated based on the critical damping formula. Young's modulus of soil was tentatively assumed to be 1800 MPa in the computation. The soil bin length in the analysis was 2 m, and the tire was located 0.5 m from the left side of a soil bin.
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In this simulation, the tread pattern was assumed not to exist because we are focusing on developing the computer program to account for all the processes of tire vertical sinkage and rotation. Since the lugged wheel-soil interaction analysis by DEM has already been performed at our laboratory (10) , (12), (13) , it will be an easy task to include the contact check of typical tread patterns for an agricultural tractor tire.
Prescribed vertical displacement condition
In the tire travel mode, we added an adjusting term for vertical tire sinkage displacement Δu y based on an imbalance between the calculated and given total vertical load ratio. This is similar to an idea already reported by Hiroma et al. (2) , and given as follows:
where W t is the given total vertical load of a tire, W c is the current vertical reaction of a tire, and α is a constant coefficient that governs the sensitivity of the term in relation with load imbalance. Equation (8) with α = 1.0 × 10 −5 is used as the prescribed displacement condition of a tire FE in the direction of y-axis in the tire travel mode. Figures 6 and 7 show the initial and the final computed configurations respectively, where a tire sinks after the consolidation process of DEM for surface soil, then begins to travel with a constant slip of 20% while constantly maintaining the calculated vertical load condition. As shown in Fig. 7 , it is noted that the local shear in DEM, which is expressed as the remaining dislocation of elements, has been generated as a result of the slip condition of the tire. After a travel of about 0.5 m from the initial position, the tire experienced a large sinkage, which could not be recovered by the interaction of FE-DE contacts. This result can be regarded as a rut of tire.
Results
Displacement result after tire travel
Vertical sinkage mode
The relationship obtained from tire sinkage and vertical contact reaction at every tiresoil contact interface is shown in Fig. 8 . The soil consolidation process by the self weight of DEs is first applied for 0.2 s and the height of the DEs is reduced accordingly. Then, the tire sinkage mode begins and contact of the FEM tire mesh with DEM surface elements starts at 0.18 cm sinkage and the calculated vertical tire reaction reaches 1296 N, whose given value is 1295 N, at 1.73 cm sinkage. Figure 9 shows an example of vertical load transition during the travel of a tire. The variation of calculated vertical reaction of the tire is adjusted to maintain the given tire load of 1295 N based on Eq. (8). Calculated vertical reaction was found to be 1291.6 N on average.
Vertical load and sinkage during tire travel
The tire sinkage while traveling is shown in Fig. 10 . From the figure, it is clear that sinkage curve exhibits a small variation of 0.8 cm, i.e., it ranges-from a minimum of 1.7 cm to a maximum of 2.5 cm-for a tire travel of 1.2 m. At a travel distance of 0.5 m, a large sinkage appears as shown in Fig. 7 . The average tire sinkage was 2.14 cm. Figure 11 depicts an example of gross traction during the tire travel at 20% tire slip. The behavior of the curve in the figure is opposite to that in the sinkage graph in Fig. 10 , where the gross tractive effort becomes small if the sinkage of a tire increases. Figure 12 shows the result of running resistance, expressed in its absolute value, for the same slip condition at 20% slip. It can be seen in the figure that the running resistance of a tire becomes large if the sinkage becomes large, as shown in Fig. 10 , which is natural in case of off-road locomotion.
Tractive performance
Based on Eqs. (3) and (4), gross tractive effort H and running resistance R are obtained at the travel stage of a tire. It is estimated that the gross tractive effort becomes 177.6 N, whereas running resistance is −29.0 N, if we apply simple averaging to each curve that shows a vibratory response. As a result, the drawbar pull for this tire slip of 20% can be calculated as, P = 177.6 − 29.0 = 148.6N.
Furthermore, it should be noted that, as shown in Figs. 11 and 12, the range of variation for gross tractive effort and for running resistance is rather large and cannot be avoided in For static analysis, better trade-off against additional repetitive computations at the contact surface for correctly defining the contact reaction and allowable virtual magnitude of the time step must be thoroughly examined. By substituting other translational velocity values of V into Eq. (6), we can calculate other results for different tire slips. As a result, the tractive performance for a driven tire can be depicted as shown in Fig. 13 .
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It is clearly seen that the curve of the drawbar pull rises with small positive tire slips, reaches its maximum at 20% slip, and keeps almost constant drawbar pull for a wide range of slip. The experimental result of drawbar pull on a driven tire on sand (19) obtained using the single wheel tester (20) is also shown in the figure. Although the experimental drawbar pull curve shows a slow ascent, that of the FE-DEM shows a relatively sudden increase in drawbar pull at low tire slip. It is noted that the final value for drawbar pull from the experimental result becomes similar to that of the FE-DEM result. Thus, it is confirmed that numerical simulation based on dynamic FE-DEM is accurate enough to predict the maximum drawbar pull for a given tire, provided the appropriate values of parameters are input.
Discussion
There are some factors that influence the output values of tire traction in FE-DEM. Among others, we investigated the following five factors: the coefficient α in Eq. (8), normal spring constant K n between a tire FE and a soil DE, friction coefficient between a tire FE and a soil DE, elemental radius of DE, and number of DEM layers. The following results are obtained for the condition of 20% slip where, as shown in Fig. 13 , the drawbar pull reaches its maximum. 
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Effect of coefficient α on traction analysis
The effect of coefficient α in Eq. (8) on traction analysis is listed in Table 4 . It is clear that the coefficient α shows higher drawbar pull at α = 1.0 ×10 −5 or α = 1.5 ×10 −5 . In case of α = 0.0, the sinkage is kept constant in the tire travel mode and the vertical wheel load is not generated sufficiently. This is the reason why the parameters H, R and P decrease. Table 5 summarizes the effect of normal spring constant at tire-soil interfaces on the tractive performance, where the friction coefficient is kept constant at 0.2. From this table, it is clear that values of normal spring constant K n of 125000 and 150000 N/m result in a higher tractive performance, and that other values result in lower drawbar pull due to a low gross tractive effort. This relationship is caused by the relative stiffness between the tire-soil interfaces and within-soil DEM contact surfaces.
Effect of normal spring constant at tire-soil interface on traction analysis
Effect of friction coefficient on traction analysis
The result due to changing the friction coefficient between a tire FE and a soil DE is shown in Fig. 14 . The coefficient of friction between DEs is fixed at 0.6. Figure 14 shows the significant effect of the friction coefficient on drawbar pull and running resistance. This is a natural result of the mechanisms of traction generation where the surface friction between the tire and the soil is important. In addition, the absolute value of running resistance is reduced if the friction coefficient is increased. The reason for this behavior may be explained by the efficient use of contact friction without developing local slip between the soil DE and the tire FE.
It is noted that the experimental results (19) showed a maximum drawbar pull comparable with the numerical result for a coefficient of friction of 0.2. For precise analysis of the traction performance of a tire, the friction coefficient between the soil and the tire needs to be measured.
Effect of elemental radius of DEM on traction analysis
As can be seen in Fig. 15 , it may be said that the absolute value of running resistance does not depend on the radius of the DEs. However, the gross tractive effort clearly depends on the radius of the DEs, where the smaller DEs result in a smaller gross tractive effort. This was a result of an excessive rotation of DEs which were observed in case of smaller elemental radius in the simulation. Therefore, when we apply the FE-DEM analysis to a tire with tread patterns of smaller DEs, further adjustment of the spring constants is necessary.
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Effect of number of DEM layers on traction analysis
In our FE-DEM analysis, the thickness of the DEs for the upper soil layer needs to be chosen carefully. The domain under the tire is regarded as an area of large normal and shear stresses, and consequently, its response may affect the traction performance of tire.
However, as shown in Fig. 16 , the effect of number of layers can be neglected, even if we use a larger number of layers for the DEs. It is noted that an increase in the number of DEM layers means the reducing the stiffness in DEM. There should be an optimum number of DEM layers, but the number may depend on the radius of the DEs, the allowable total number of DEs, and the computational power of the PC system.
